Chronic pancreatitis (CP) may be caused by oxidative stress. An important source of reactive oxygen species (ROS) is the methylglyoxal-derived formation of advanced glycation endproducts (AGE). Methylglyoxal is detoxified by Glyoxalase I (GLO1). A reduction in GLO1 activity results in increased ROS. Single nucleotide polymorphisms (SNPs) of GLO1 have been linked to various inflammatory diseases. Here, we analyzed whether common GLO1 variants are associated with alcoholic (ACP) and non-alcoholic CP (NACP).
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Introduction
Chronic pancreatitis (CP) is a recurring inflammation of the pancreas with progressive fibrosis by tissue destruction that in some patients results in exocrine and endocrine pancreatic insufficiency [1] . Several studies have identified that the underlying pathomechanisms can range from premature intrapancreatic activation of proteases to local and systemic inflammatory processes, which are relevant for the initiation and progression of the disease [2] . Recently, it was demonstrated that oxidative stress (ROS) is involved in these inflammatory and fibrotic processes [3] [4] [5] . As advanced-glycation-end products (AGE) impact on ROS, they may contribute to CP development [6] as it was shown in acute pancreatitis [7] . "Dicarbonyl stress" indicates a cellular condition where α-oxoaldehyde metabolites accumulate, leading to an increased modification of protein and DNA which contribute to cellular dysfunction in ageing and disease. "Dicarbonyl stress" is mainly caused by methylglyoxal (MGO) that is formed as a by-product in glycolysis [8] , ketone body metabolism and threonine catabolism [9] [10] [11] . MGO is highly reactive with nucleotides, phospholipids and proteins [12, 13] with the result of a rapid formation of AGE. In addition, reducing sugars like glucose react with amino groups and trigger MGO formation and AGE generation in a non-enzymatic protein glycation within the Maillard reaction [6] . AGE themselves induce several detrimental processes on a cellular level and furthermore activate different signaling pathways via the RAGE receptor. Moreover, they induce ROS and have been associated with various disease entities [14] . For protection on the cellular level MGO is detoxified by the Glyoxalase system. Glyoxalase I (GLO1) catalyzes the conversion of α-oxo-aldehydes such as MGO and L-glutathione (GSH) to form the corresponding hemithioacethal S-D-lactoylglutathione [15] . In the next step, hydroxyacyl glutathione hydrolase (GLO2) converts S-D-Lactoylglutathione to D-lactate and GSH. Herein, GLO1 is the rate-limiting enzyme in this series of reactions [16] .
Thus far, GLO1 single nucleotide polymorphisms (SNPs) were associated with distinct inflammatory diseases. The rs4746 (p.Ala111Glu) variant displayed a decrease of GLO1 enzymatic activity for the A-allele in lymphoblastoid cells of the brain [17, 18] . In addition, rs4746 has been linked to diabetes [19] , atherosclerosis [20] , chronic renal failure [21] , vascular diseases [22, 23] , neuropsychiatric disorders [24, 25] , and different cancer types [26] [27] [28] [29] . Moreover, rs1130534 (c.372A>T, p.Gly124 = ) and rs1049346 were correlated with lower enzyme activity, but did not associate with vascular complications in diabetes mellitus [30] .
In conclusion, GLO1 variants with a diminished GLO1 activity cause increased MGO levels and consecutive ROS generation. Therefore, we reasoned that GLO1 SNPs contribute to the development of CP and investigated whether genetic variants in GLO1 are associated with alcoholic CP (ACP) or non-alcoholic CP (NACP).
Material and methods

Patients and controls
The study was approved by the medical ethical review committee of the Martin-Luther-University of Halle-Wittenberg (Medical ethical committee, University Halle-Wittenberg, Medical Faculty, Bearbeitungsnummer 2015-106, date: 22.01.2016, title: "Erforschung molekulargenetischer Ursachen von Pankreaserkrankungen"). All patients gave written informed consent. The diagnosis of CP was based on two or more of the following findings: history of recurrent acute pancreatitis or recurrent or persisting abdominal pain typical for CP, pancreatic calcifications and/or pancreatic ductal irregularities indicated by computed tomography imaging, magnetic resonance imaging, endoscopic retrograde pancreaticography or (endo)sonography of the pancreas and/or the diagnosis of exocrine pancreatic insufficiency [31] .
ACP was diagnosed in patients with a history of chronic alcohol intake (> 80 g per day for males or >60 g per day for females) for more than 2 years. NACP was diagnosed in the absence of known precipitating factors as alcohol consumption and/or smoking. Patients with a positive family history were included in the NACP group. The data on past ethanol consumption and the clinical presentation were based on research records and/or physician's history and/or completion of a detailed questionnaire by the patient.
Patients and Controls were recruited throughout Germany and in the European centres in The Netherlands, Romania, Poland, Italy, and Hungary. Controls were blood donors and healthy volunteers as described in our former publications [32] .
In the screening cohort we investigated 223 ACP, 218 NACP patients, and 328 controls for 12 common GLO1 SNPs with a minor allele frequency of a least 5%. Variants with nominal significance according to uncorrected p-values (rs1699012, rs937662, rs4746, and rs1937780) were analyzed in further subjects (extended cohorts). In addition, we screened European ACP cohorts for rs1937780 and an additional German, French, and Chinese NACP cohort for rs4746 and an independent German NACP cohort for rs1699012 (see flow chart in Fig 1) . For a detailed description of the screening cohort and the extended cohorts see Table 1 .
Selection of tagging SNPs in the GLO1 locus
We selected 11 tagging SNPs in the GLO1 locus using the SNPinfo LD TAG SNP Selection tool (LD map Figure A in S1 File). For this purpose we used an LD threshold of 0.8, a minimum of one SNP tagged, a minimum of 5 valid genotypes to calculate LD in populations with European ancestry (CEU) and extended the region of interest by 10.000 bp in the 5'region and the 3'-region. In addition, we analyzed SNP rs4746 that was described to be functionally relevant [17, 18] . The other functionally relevant SNPs rs1049346 and rs1130534 were tagged by rs1621788 and rs13212218, respectively. Details on the selected SNPs are summarized in Table A in S1 File.
DNA extraction and SNP genotyping
DNA was isolated from EDTA blood using a commercial system (QIAamp Blood DNA Mini Kit; Qiagen, Hilden, Germany). Polymerase chain reaction (PCR) was conducted using One-Taq1 2X Master Mix (NEB) with 200 μM dNTPs, 1.8 mM MgCl 2 and 0.1 μM forward primer as well as 0.1 μM reverse primer (0.4 μM forward primer for rs3778443 and rs17544798; 0.2 μM reverse primer for rs4746) in a total volume of 25 μl. Cycle conditions were an initial denaturation at 95˚C for 5 minutes followed by 45 cycles of 20 seconds denaturation at 95˚C, Flowchart of patients analyzed in this study. Note that the extended cohorts comprise the screening cohort and novel patients for all German patients (SNPs rs937662, rs1937780, and rs4746). For rs1699012 the numbers summarize the extended with the replication cohort from Munich. The European cohorts (rs1937780) and the German, French, and Chinese replication cohorts for rs4746 are additional patients.
https://doi.org/10.1371/journal.pone.0222927.g001 40 seconds annealing ( Table B in S1 File), 90 seconds primer extension at 72˚C followed by final extension for 5 minutes at 72˚C in an automated thermal cycler. Primers and probes (Table B in S1 File) were synthesized by TIB Molbiol (Berlin, Germany). Genotyping was performed using the LightCycler4801 system (Roche Diagnostics).
Probe oligomers were diluted in H 2 O to a concentration of 200 nM. For genotyping we used the PCR products from standard PCR (see above) with 50 nM (final) of probe oligomers followed by melting curve analysis with the following protocol: 95˚C for 60 seconds, 40˚C for 60 seconds, continuous increase to 70˚C with various ramp rates (0.29˚C/s rs12198212 and rs1621788, 0.14˚C/s rs17544798, rs132212218 and rs937662, 0.19˚C/s for the other seven SNPs). Call rates for all SNPs were > 95%. For quality control 2.6% of all samples were genotyped in duplicates blinded to the investigator. Resulting concordance rate was 99.7%.
Statistical analysis
Quality of SNP genotypes was assessed by study-wise call rate and exact test for Hardy-Weinberg disequilibrium (HWE) in patients and controls. We compared the results for genotype frequencies of the different polymorphisms between patient cohorts and control populations with the Chi-square test and logistic binary regression. All other models (dominant, recessive, allele frequencies) were computed by using two-tailed Fisher's Exact test. P-values were calculated using IBM SPSS Statistics 25 and GraphPad Prism 5. A p-value of less than 0.05 was considered to be significant. When a significant or nominal significant association was found, at least an extended or one replication cohort was screened.
Results
No study-wide significant association of GLO1 SNPs with ACP
We identified no significant association in logistic regression analysis and no significant difference in the genotype distribution in the ACP screening cohort compared to controls ( Table 2 and Table C in S1 File). As for rs937662 the HWE was nominal significant in our controls (p = 0.047) and for both rs937662 and rs1699012 nominal significant results were observed in the NACP screening cohort in the dominant or recessive model (p = 0.08, respectively) we extended our analysis in the ACP cohort to 430 and 447 patients. Here, we found no association for both SNPs and no deviation from HWE for rs937662 in the controls (p = 0.38; controls) ( Table 3 ). Furthermore, genotype data of rs1937780 displayed a borderline significance in the screening cohort (p = 0.08). Again, we extended our investigated groups and analysed rs1937780 in a further German ACP cohort and additional European ACP patients from The Netherlands, Hungary, Italy, Romania and Poland. In the German cohort (n = 872) compared to controls (n = 1,474) the association was statistically significant (p = 0.003) as the genotype distribution between ACP patients and controls differed (GG: 40.0% vs. 33.1%; GA 45.9% vs. 51.6%; AA 14.1% vs. 15.3%) (Table D in S1 File). Of note, there was a deviation from HWE in the controls of the extended German cohort (p = 0.01). However, we did not find a significant association in logistic regression analysis (p = 0.134, odds ratio (OR) OR 1.117, 95% confidence interval (95% CI) 0.966-1.290) for this cohort. Otherwise, in the overall cohort of European ACP patients and controls we found no significant association in logistic regression analysis either (p = 0.214, OR 1.075, 95% CI 0.961-1.196) (Table E in S1 File). This result was confirmed for the corresponding genotype data and none of the five replication cohorts demonstrated a statistically significant association in the different genetic models used for computations ( Table 4 and Tables D and E in S1 File). Except for the named SNPs and SNP rs2736655 (ACP patients p = 0.026), all SNPs corresponded to the HWE. 
No study-wide significant association of GLO1 SNPs with NACP
In the screening cohort the SNPs rs937662, rs1699012, and rs4746 displayed a nominal significant difference in the recessive or dominant model (p = 0.08, 0.08, and 0.07, respectively) ( Table 5) . Otherwise, no differences in the genotype distributions were observed (Table F in S1 File). Furthermore, we detected a significant association for SNP rs1699012 (p = 0.009, OR 0.763, 95% CI 0.623-0.933) and rs4746 (p = 0.008, OR 1.342, 95% CI 1.080-1.669) in logistic regression analysis ( Table 2) . To elucidate a potential association, we extended the German NACP cohort and found no statistically significant association of the genotype distribution for rs937662 (p = 0.15), whereas rs1699012 and rs4746 still displayed a significant association compared to controls (p = 0.02 and p = 0.008, respectively) (Table G in S1 File). Therefore, we investigated rs4746 in an independent German (n = 450, patients; n = 581, controls), French (n = 767, patients; n = 1,049, controls), and Chinese (n = 928, patients; n = 1,008, controls) NACP cohort. Here, no association was found in all three replication cohorts ( Table 6 ; for genotype distribution see Table G in S1 File). Finally, for SNP rs1699012 we observed no significant association (p = 0.279, OR 0.903, 95% CI 0.750-1.087) in an independent German NACP cohort of 427 patients in logistic regression analysis (for different genetic models see Table 6 ). For the rare SNP rs3778443 we observed a significant HWE (p = 0.002).
Discussion
There is a biological plausibility that GLO1 is relevant in inflammatory processes and as such for the development of CP, although conflicting results have been reported in other diseases thus far. In this work, we investigated a potential genetic association of GLO1 variants with ACP and NACP. We failed to identify an association between CP and one functionally relevant variant and 11 tagging SNPs covering the GLO1 locus. In our German ACP patients (total cohort) rs1937780 genotypes differed significantly between patients and controls (p = 0.003) and significance was also observed in the dominant model. Contrary, we found neither an association nor a comparable trend in the distinct European cohorts. The same variant has recently been investigated in pancreatic cancer patients and an association was absent [33] . As functional consequences of this variant are unknown and overall genetic data are statistically not significant, it is unlikely that rs1937780 plays a prominent role in CP development.
In the NACP cohort the three variants rs937662, rs1699012, and rs4746 showed borderline significant results in distinct analysis models that, however, were not confirmed in the extended or replication cohorts. For the variants rs937662 and rs1699012 no prior clinical relevance has been reported and therefore an association with CP is again unlikely. Contrary, rs4746 was associated with a wide spectrum of disorders ranging from diabetes [19] , atherosclerosis [20] , chronic renal failure [21] , vascular diseases [22, 34] , neuropsychiatric disorders [24, 25] , and even to cancer [26] [27] [28] [29] . In our work the borderline significance of the screening cohort was disproved in three large NACP cohorts from Germany, France, and China. As such, although, a functional relevance for this variant has been reported, our data show no association with CP.
We investigated cohorts with a reasonable number of patients and extended these cohorts whenever statistically or nominal significant results were obtained. Therefore, a prominent disease association of GLO1 variants with CP can be ruled out with high certainty. Nevertheless, our approach is not capable of identifying rare associating variants. We therefore analyzed whole exome sequencing data from an ongoing project but did not identify rare variants enriched in our NACP patients (unpublished data). Nonetheless, our study is limited in its restriction to a Caucasian (German) cohort as only one SNP was analyzed in an Asian replication cohort and therefore we may have missed specific associations in other ethnicities. In summary, we performed a comprehensive investigation of GLO1 variants and did not demonstrate a prominent role for CP development in alcoholic and the non-alcoholic etiologies of the disease.
Supporting information S1 File. Figure A. Linkage disequilibrium figure of the GLO1 locus generated 
by the SNPinfo LD TAG SNP Selection tool.
To generate the linkage disequilibrium (LD) figure, the SNPinfo LD TAG SNP Selection tool (https://snpinfo.niehs.nih.gov/snpinfo/snptag.html) with the following parameters was applied: LD threshold of 0.8; a minimum of one SNP tagged; a minimum of 5 valid genotypes to calculate LD in populations with European ancestry (CEU); integrated region with 10.000 bp in the 5'-region and the 3'-region of GLO1. Abbreviations: SNP, single nucleotide polymorphism; LD, linkage disequilibrium; CEU, Northern Europeans from Utah. For the following SNPs we used tagging SNPs in our study: rs10484854 was tagged by rs12198212; rs1781735 by rs1621788; rs6458064 by rs937662; and rs9394523 by rs13212218. As demonstrated in the figure the tagging SNPs represented the depicted haplotypes. In Table A in S1 File the information on the SNPs selected according to the published literature and by SNPinfo is summarized. Table A . Overview of screened GLO1 SNPs that were identified by SNPinfo or by a literature research. We used the SNPinfo LD TAG SNP Selection tool to identify SNPs in the GLO1 locus that cover the haplotypes of the gene. As several variants have been reported in the literature, we included these using tagging SNPs, where possible. The corresponding literature for the screened SNPs is indicated in brackets. For rs4746 several studies reported associations and functional data are available in addition. � These SNPs have been tagged by the screened SNP rs1616723, rs9380765, rs13212218, and rs1621788 respectively. Table B . Polymerase chain reaction (PCR) primers and probes for melting curve analysis of all GLO1 SNPs. Abbreviations: fw, forward; rv, reverse; XI, internal dye modified base; LC610, 5´-LightCycler Red 610; LC640 (sensor probe), LightCycler Red 640 (sensor probe); FL, 3'-Fluorescein labelling (anchor probe); PH, 3´-phosphate. Table C . Genotype data of the analysed GLO1 SNPs in patients with alcoholic chronic pancreatitis (ACP) and controls. Note: For rs937662 and rs1699012 the extended German cohorts are shown. Calculations were performed using the Chi-square test (two-sided). Abbreviations: Contr. = controls, Pat. = patients. Table D . Genotype data of the GLO1 SNP rs1937780 in patients with alcoholic chronic pancreatitis in European cohorts including Germany. Note: The German cohort comprises the screening cohort and additional samples. Calculations were performed using the Chisquare test (two-sided). Abbreviations: Contr. = controls, Pat. = patients. Table E . Results of logistic regression with covariate gender for the GLO1 SNP rs1937780 in patients with alcoholic chronic pancreatitis in European cohorts including Germany. Note: The German cohort comprises the screening cohort and additional samples. Calculations were performed using logistic regression. Abbreviations: OR, Odds ratio; CI, confidence interval; ACP, alcoholic chronic pancreatitis. Table F . Genotype data of the analysed GLO1 SNPs in German patients with non-alcoholic chronic pancreatitis (NACP) and controls. Calculations were performed using the Chi-square test (two-sided). Abbreviations: Contr. = controls, Pat. = patients. Table G . Genotype data of the analysed GLO1 SNPs rs937662, rs1699012, rs4746 in the extended NACP cohorts. Note: For rs937662, rs1699012, and rs4746 the extended German cohorts comprise the screening cohort and additional German samples. Calculations were performed using the Chi-square test (two-sided). Abbreviations: Contr. = controls, Pat. = patients. k NACP replication cohort and controls from Germany. $ Independent NACP replication cohort from Munich. § NACP cohort and controls from France. € NACP cohort and controls from China. (DOCX)
